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We puriﬁed a fraction that showed NAD+-linked methylglyoxal dehydrogenase activity, directly
catalyzing methylglyoxal oxidation to pyruvate, which was signiﬁcantly increased in glutathione-
depleted Candida albicans. It also showed NADH-linked methylglyoxal-reducing activity. The
fraction was identiﬁed as a NAD+-linked alcohol dehydrogenase (ADH1) through mass spectrometric
analyses. In ADH1-disruptants of both the wild type and glutathione-depleted cells, the intracellular
methylglyoxal concentration increased signiﬁcantly; defects in growth, differentiation, and
virulence were observed; and G2-phase arrest was induced.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Methylglyoxal (MG), a ubiquitous a-ketoaldehyde, is formed
mainly by the enzymatic or the non-enzymatic phosphate
elimination of triose phosphate in glycolytic pathway [1,2]. MG
acts as cell cycle inhibitor as retine [3] and reacts with various
macromolecules, such as DNA, RNA, and proteins [4]. MG was
known to be the major precursor of advanced glycation end-
products (AGE) [5–7]. The AGEs formed by MG accumulation are
regarded as the main cause of various diseases, leading to vascular
and neuronal complications including diabetes, hypertension,
uremia, and cataract formation by modulating immune systems
[8]. In contrast, it has been recently demonstrated that MG hadan inhibitory effect against the proliferation of cancer cells, viruses,
and microorganisms [9].
In our previous studies, intracellular MG accumulation resulted
in Dictyostelium growth inhibition and G1-phase arrest, especially
in gcs cells [10]. In glutathione (GSH)-depleted cells, the intracel-
lular MG levels increased due to the inoperative GSH-mediated
glyoxalase system [10] and additional enzyme systems that
catalyze MG conversion, such as aldehyde dehydrogenase,
aldehyde reductase, aldose reductase, and a-ketoaldehyde dehy-
drogenase [11], particularly under GSH-depletion conditions.
Among these enzymes, NAD(P)+-linked a-ketoaldehyde dehydro-
genase catalyzes MG oxidation to pyruvate [11]. In a previous
study, NAD+ and NADP+-linked a-ketoaldehyde dehydrogenases
were co-puriﬁed from sheep liver acetone powder extract for the
ﬁrst time [12]. NADP+-speciﬁc 2-oxoaldehyde dehydrogenase,
which could catalyze MG oxidation in the presence of amines,
was partially puriﬁed from rat liver [13]. Additionally, two types
of NAD(P)+-linked a-ketoaldehyde dehydrogenases were charac-
terized from goat liver [14]. Furthermore, it has been suggested
that a-ketoaldehyde dehydrogenase regulates glycation through
carbonyl compounds, such as 3-deoxyglucosone in humans [15].
Although a-ketoaldehyde dehydrogenase [or methylglyoxal dehy-
drogenase (Mgd)] has been reported, its encoding genes, their
functions and physiological activators have not been studied in
contrast to other MG-consuming enzymes. Furthermore, Mgd
activity has not been investigated in microorganisms until now.
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known to be an opportunistic human pathogen, which does not
usually cause disease in immunocompetent hosts but causes seri-
ous disease in immunocompromised patients such as those from
AIDS or undergoing chemotherapy [16]. In comparison to prokary-
otic or other eukaryotic cells, investigations on MG metabolism
and its physiological roles in C. albicans have not been sufﬁciently
studied [17]. Moreover, the synthesis of MG originated from uncer-
tain sources, and its relevant characterization of enzymatic- or
non-enzymatic scavenging systems of C. albicans are not clear dur-
ing cell growth and morphological switch under various environ-
mental conditions that favor high rates of glycolysis. Therefore,
in this study, we intended to explain the physiological roles of
MG and its scavenging Mgd, which catalyzes the oxidation of MG
to pyruvate, when the intracellular concentration of MG increases
in Mgd-deﬁcient cells, including both single- and GSH-depleted
double-disruptants in C. albicans.
2. Materials and methods
2.1. Yeast strains and growth conditions
The yeast strains used in this study are listed in Table 1. Candida
cells with disrupted genes were cultured in YPD (yeast extract,
peptone, and glucose) or minimal SD (glucose, ammonium sulfate,
yeast nitrogen base without amino acids and ammonium sulfate)
in liquid broth or 1.8% agar-containing plates as proposed [18]. Un-
less otherwise noted, all Ura+strains were grown in SD broth at
28 C. The GCS1 disruptants (YB203), which were grown in 1 or
0.1 mM GSH-supplemented SD broth, were harvested then washed
twice with sterilized distilled water. The cells were re-suspended,
transferred, and cultivated in GSH-free SD broth for 24 h to deplete
the GSH.
2.2. Determination of the MG concentration
To investigate the intracellular concentrations of a-ketoaldehy-
des and a-ketocarboxylic acids, quinoxaline derivatives were
converted using 1,2-diaminobenzene with certain modiﬁcations
[19]. Quinoxaline derivatives ﬁltered with a 0.22 lm-celluloseTable 1
Strains, primers, and plasmids used in this study.
Strain, primer, or plasmid Genotype, sequence, or description
C. albicans
SC5314 Wild type isolate
CAI4 Dura3::imm434/Dura3::imm434
YB203 Dura3::imm434/Dura3::imm434 Dgcs
YB204 Dura3::imm434/Dura3::imm434 Dgcs
MK401 Dura3::imm434/Dura3::imm434 Dadh
MK402 Dura3::imm434/Dura3::imm434 Dadh
MK403 Dura3::imm434/Dura3::imm434 Dadh
MK404 Dura3::imm434/Dura3::imm434 Dadh
MK701 As YB204, but Dadh1::hph-URA3-hph
MK702 As YB204, but Dadh1::hph/ADH1
MK703 As YB204, but Dadh1::hph/Dadh1::hp
MK704 As YB204, but Dadh1::hph/Dadh1::hp
Primers
MK2a-SacI 50-GAGCTCTTACAATATTTGATAGAGAC
MK2b-KpnI 50-GGTACCAAGTGCGGGATTATCCTTTT
MK2c-SalI 50-GTCGACAAATAGCTAAATTATATACG
MK2d-HindIII 50-AAGCTTAAACTTGAAAACACCGAGT
Plasmids
pQF181 pUC18 containing hph-URA3-hph (fo
pQF182 pUC18 containing hph-URA3-hph (re
pMK3F pGEM-T Easy vector containing MK2
pMK3R pGEM-T Easy vector containing MK2
pMK4F ADH1 deletion construct with hph-UR
pMK4R ADH1 deletion construct with hph-URacetate membrane were separated using an Agilent 1200 series
HPLC system with a Zorbax Eclipse XDB-C18 analytic column
(4.6  150 mm, Agilent Technologies). The mobile phase was 67%
25 mM ammonium formate buffer, pH 3.4, 3% acetonitrile and
30% methanol for 45 min with a wavelength of 336 nm.
2.3. Mgd puriﬁcation
The cultured cells were harvested through centrifugation at
6000 rpm for 15 min and resuspended in 25 mM Tris–HCl buffer
at pH 8.5 containing 1 mM PMSF. The cells were homogenized
using four 30 s pulses at 4 C in a Bead Beater Cell Homogenizer
(Biospec Products). The resulting supernatant was utilized to
purify Mgd through a FPLC system (GE-Pharmacia), as shown in
Table 2. The masses were analyzed and proteins were identiﬁed
using 2D-LC–MS/MS analyses (ProteomeX LTQ, Sinco, Inc.). The
amino acid sequences were aligned using Clustal 2.1.
2.4. Enzyme assay and kinetics
The Mgd activity was observed through the ability of the
enzyme to catalyze MG oxidation to pyruvate as proposed
previously [12–14]. The Km and kcat were determined using the
Lineweaver–Burk plot. The gel was stained for activity after native
PAGE was performed using PMS and MTT with modiﬁcations [15].
2.5. Candida ADH1 disruption
ADH1disruption was performed as previously described [20].
The primers and plasmids used are described in Table 1. The
0.49 kb SacI/KpnI- and 0.40 kb SalI/HindIII-digested fragments from
pMK3F/pMK3R, which are the ﬂanking regions upstream/
downstream of the ADH1 ORF, were inserted into the SacI/KpnI
and SalI/HindIII sites of hph-URA3-hph from pQF181 and pQF182
to remove the 1050 bp C. albicans ADH1 coding region with modi-
ﬁcations [20]. The resulting plasmid, pMK4F, was linearized using
SacI/HindIII and was approximately 4.5 kb. The resulting fragments
were used to transform CAI4 and YB204, which are SC5314 and
YB203 Ura derivatives. The uracil prototrophic strains (Ura+) were
plated onto SD plates supplemented with FOA to select for URA3Source or reference
Fonzi and Irwin [21]
Fonzi and Irwin [21]
1::hisG/Dgcs1::hph-URA3-hph Baek et al. [34]
1::hisG/Dgcs1::hph Baek et al. [34]
1::hph-URA3-hph/ADH1 This study
1::hph/ADH1 This study
1::hph/Dadh1::hph-URA3-hph This study
1::hph/Dadh1::hph This study
/ADH1 This study
This study
h-URA3-hph This study
h This study
CCAA-30 , SacI site of pMK2F This study
TGAG-30 , KpnI site of pMK2F This study
AATT-30 , SalI site of pMK2R This study
TGATA-30 , HindIII site of pMK2R This study
rward) from pQF86 Hwang et al. [20]
verse) from pQF86 Hwang et al. [20]
a-MK2b, upstream region of ADH1 This study
c-MK2d, downstream region of ADH1 This study
A3-hph (forward) This study
A3-hph (reverse) This study
Fig. 1. Mgd puriﬁcation from C. albicans. (A) SDS–PAGE and (B) activity staining
after native PAGE of puriﬁed CaMgdA and CaMgdB were performed as indicated. (C)
Northern blot analysis. rRNA of GSH-supplemented or GSH-depleted YB203, which
were the same as described in the Section 2, was hybridized using ADH1-speciﬁc
probes. The total rRNA is shown as a reference. (D) HPLC analysis of quinoxaline
derivatives. Samples that catalyze MG oxidation were collected every 120 s and
derivatized using 1,2-diaminobenzene. MG enzymatic oxidation was performed
using 2 mM MG, 0.5 mM NAD and 0.5 lM ADH1 at 37 C for 4 min.
Table 2
Mgd puriﬁcation steps for C. albicans.
Total protein (mg) Total activity (U) Speciﬁc activity (U/mg) Puriﬁcation (-fold) Recovery (%)
Crude extract 8075.7 ± 2.85  102 1957.4 ± 1.57  102 0.24 ± 0.01 1.0 100.0
(NH4)2SO4 precipitation 6322.3 ± 3.75  102 997.3 ± 23.53 0.16 ± 0.01 0.66 ± 0.08 51.2 ± 4.85
Phenyl-sepharose 1267.3 ± 61.75 335.4 ± 29.75 0.26 ± 0.02 1.09 ± 0.09 17.18 ± 1.66
DEAE-sepharose 238.7 ± 10.7 136.2 ± 13.98 0.57 ± 0.08 2.37 ± 0.39 7.05 ± 1.02
Reactive-red 32.3 ± 2.52 127.6 ± 10.44 3.96 ± 0.38 16.4 ± 2.22 6.55 ± 0.74
Phenyl-superose 10.3 ± 0.57 52.9 ± 7.04 5.15 ± 0.91 21.38 ± 4.55 2.72 ± 0.51
Gel ﬁltration 4.8 ± 0.31 39.8 ± 3.2 8.27 ± 1.14 34.25 ± 5.52 2.04 ± 0.22
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conﬁrmed in the resulting homozygous MK402 and MK702 strains
that ADH1was disrupted and the URA3 gene was lost throughTable 3
Kinetic parameters for MG oxidation and reduction from ADH1 in C. albicans.
Reaction type Km (mM)
Oxidation 9.70  101 ± 8.88  102
Reduction 3.85  102 ± 7.4  104intrachromosomal recombination between tandem hph repeats,
the Ura+ transformants were selected using uracil-deﬁcient or
1 mM GSH-containing media. The 4.5 kb linearized SacI/HindIII
fragments from pMK4R, which is the reverse-oriented pMK4F con-
struct, was integrated into MK402 and MK702.
2.6. Assay to detect MG and oxidant resistance
All experimentswere performed as proposedwithmodiﬁcations
[22]. To observe the cell sensitivity to MG and oxidants, aliquots
were collected from the cell suspensions, washed with sterilized
distilled water, diluted in 25 mM Tris–HCl, pH 8.5, and loaded onto
SD agar plates. The colonies were observed after 3 days.
2.7. Northern blot analyses
The total RNA from cells grown in SD broth were prepared using
the hot phenol extraction method as proposed previously [23]. Ten
micrograms RNA from each samplewas separated on a 1.0% agarose
gel containing 0.22 M formaldehyde and transferred to a Hybond-
N+ nylon membrane (GE-Pharmacia). The blotted signal was devel-
oped using a visualized bio-imaging system, BAS-2500 (FujiFilm).
2.8. Cell viability assay
The Cell Titer 96 Aqueous One Solution Assay (Promega) was
used as a colorimetric method to determine the number of viable
cells as previously described [24].
2.9. ROS measurement
We collected 2  107 Candida cells, which were diluted into
25 mM Tris–HCl, pH 8.5. Twenty micromolar DCFH-DA was added
to measure the ROS concentration as previously reported [25]. We
examined this suspension in a 96-well plate using a Cary Eclipse
Fluorescence Spectrophotometer (Varian) with excitation and
emission wavelengths at 492 and 524 nm, respectively.
2.10. Virulence test
BALB/c (white, female) mice weighing 17–20 g were used to
test the virulence of the different strains. The experiments were
initiated by growing the Candida strains on YPD plates at 28 C
for 48 h, suspending the cells in PBS, pH 7.5, and adjusting them
to the desired concentration after measuring the cell density
(1  106 cells/ml). Each Candida strain was tested for virulence
by injecting a 0.1 ml cell suspension (1  106 cells).kcat (min1) kcat/Km (M1 min1)
1.09  103 ± 6.77  101 1.13  103
1.02  104 ± 1.96  102 2.64  105
Fig. 2. A multiple alignment of the deduced amino acid sequences for C. albicans ADH1 with the sequences from other microbes is shown. Identical residues are indicated
with shaded letters. Canal, C. albicans; Escco, E. coli; Canut, C. utilis; Hanpo, H. polymorpha; Sacce, S. cerevisiae as discussed in the text.
Fig. 3. ADH1 disruption in C. albicans. (A) Restriction map and disruption strategy for the ADH1 gene. The endonuclease restriction sites are as follows: Sc, SacI; K, KpnI; Sa,
SalI; and H, HindIII. (B) PCR analysis demonstrating ADH1 mutant generation using MK2a-SacI (Sc) and MK2d-HindIII (H) as primer pairs; CAI4 (ADH1/ADH1), molecular mass
standards, MK401 (ADH1/Dadh1::URA3), MK403 (Dadh1::URA3), MK701 (Dgcs1/ADH1/Dadh1::URA3), and MK703 (gcs1/Dadh1::URA3) correspond to lanes 1-6, respectively.
(C) Growth curves for MK403 and (D) GSH-deﬁcient MK703. All GSH-deﬁcient cells were cultivated as described. The indicated strains were inoculated from a saturated
grown seed culture to an OD600 of approximately 0.05 in SD broth at 28 C for 30 h. The data shown represent the means ± standard deviation of three independent
experiments.
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Fig. 4. Intracellular MG and ROS concentrations and their effects in ADH1-deﬁcient
cells. (A) The intracellular MG concentration was measured in SC5314 and MK403
(left); the effect of exogenous MG was investigated as described during MK403
growth (right). (B) The relative ROS concentration is shown (left). The sensitivity for
various oxidants was also examined in the two strains (right). Candida cells were
cultured and harvested every 12 h to quantify the quinoxaline derivatives and
determine the relative ROS concentrations. The values represent the aver-
ages ± standard deviation of three independent experiments.
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The cell cycle was analyzed by quantifying the DNA content
using ﬂow cytometry and cells stained with PI (DNA-speciﬁc
ﬂuorescent dye) [26]. The DNA levels were measured using a FAC-
SCalibur ﬂow cytometer (Becton Dickinson, USA).
3. Results
3.1. Mgd activity is highly induced in GSH-deﬁcient cells
Mgd activity was not demonstrated in the crude extract from
SC5314 and YB203 supplemented with 1 or 0.1 mM GSH. We only
observed NAD+-linked MG-oxidizing activity was measured in
YB203 when the GSH was depleted for at least 24 h in a GSH-free
medium transferred from 0.1 mM GSH-supplemented broth (data
not shown). Herein, Candida MgdA and MgdB were isolated from
GSH-depleted YB203 as described in Table 2. The puriﬁed enzymes
were conﬁrmed using SDS–PAGE followed by activity staining
(Fig. 1A and B). The MgdA and MgdB were identiﬁed as ADH1/
orf19.3997. The ADH1 ORF encodes a polypeptide composed of
349 amino acids with a calculated molecular mass 36811.19 Da
(http://web.expasy.org/compute_pi/) and a 255 bp N terminal
extension of the conserved C. albicans cinnamyl ADH sequence
from the Candida genome database (http://www.candidage-
nome.org/). Northern blot analyses revealed that GSH depletion
might strongly induce ADH1 expression in GSH-depleted YB203
in contrast to SC5314 or YB203 supplemented with GSH (Fig. 1C).
3.2. ADH1 oxidizes and reduces MG
The puriﬁed ADH1 catalyzed MG oxidation to pyruvate, which
was conﬁrmed through quinoxaline derivatives as shown in
Fig. 1D. However, we did not observe quinoxaline derivatives,
which correspond to catalytic pyruvate reduction to MG. However,
we found that Candida ADH1 catalyzed MG reduction to acetol in
an NADH-dependent manner (data not shown). This ﬁnding sug-
gests that ADH1 is a bifunctional enzyme that catalyzes MG oxida-
tion and reduction. Table 3 shows the suggested kinetic
parameters for the NAD+ or NADH concentrations of 0.5 and
0.1 mM, respectively. The MG reduction included a 25.2-fold lower
Km and 9.8-fold higher kcat than MG oxidation. ADH1 activity likely
shifts between MG oxidation and reduction with a marked change
in the intracellular redox state during the growth, such as GSH
starvation [10]. Further, the Candida ADH1 amino acid sequence
deduced was compared to other MG-reducing ADHs (Fig. 2). A high
degree of sequence identity between Candida ADH1 and other
ADHs was exhibited, 99.43%, 98.28%, 78.22% and 74.21% in Esche-
richia coli, Candida utilis, Hansenula polymorpha, and Saccharomyces
cerevisiae, respectively.
3.3. MG accumulation led to G2-phase arrest by affecting cell growth,
ROS production, viability, differentiation, and virulence
Through the conventional C. albicans URA-blast method, the
gene encoding ADH1 was disrupted using the isogeneic URA
strains CAI4 and YB204, respectively (Fig. 3A and B). MK403 and
MK703 exhibited signiﬁcant and severe growth defects compared
with SC5314 and YB203 (Fig. 3C and D). Regardless of the exoge-
nous GSH supplementation, enhanced defective growth was ob-
served in MK703 under GSH-depleted conditions compared with
YB203 and MK703 supplemented with GSH (Fig. 3D). The growth
defects in both MK403 and MK703, which were depleted of GSH
for 24 h in GSH-free medium transferred from 0.1 mM GSH-sup-
plemented broth, suggest that ADH1 is necessary for cell growthunder all experimental conditions (Fig. 3D). Further, the intracellu-
lar MG (Fig. 4A, left) and ROS (Fig. 4B, left) were signiﬁcantly in-
creased in MK403. MK403 was much more sensitive than SC5314
to exogenous MG and several types of oxidants (Fig. 4A, right
and Fig. 4B, right). Interestingly, when GSH was depleted in
MK703 upon transfer from 0.1 mM GSH supplementation condi-
tions, the MK703 MG concentration was increased in proportion
to the growth rate and ROS levels (Figs. 3 and 5). However,
MK703 did not grow in the GSH-free agar plates (data not shown).
Particularly, GSH-depleted MK703 transferred from 0.1 mM GSH
supplemented medium exhibited more enhanced intracellular
MG and ROS concentrations compared with other strains. This re-
sult suggests that ADH1-deﬁcient cells in both wild type and GSH-
depleted strains had increased intracellular MG concentrations
where growth defects occur. The MK703 cell viability was lower,
which coincided with growth defects (Fig. 5C). MK403 hyphal
growth was repressed and could not be observed in both the agar
plate and liquid broth (Fig. 6A and B). Although the mice infected
with SC5314 carrying ADH1underwent the death phase by day
11, the attenuated MK403 virulence enhanced survival by over
70% for a month (Fig. 6C). Taken together, these results suggest
that MG accumulation in ADH1-deﬁcient cells causes cell growth
defects, including attenuated hyphal formation or virulence. Fur-
thermore, we tested the effect of increased MG concentrations on
the cell cycle progress (Fig. 7). The majority of MK403 and the
GSH-depleted MK703 had higher DNA levels during G2 compared
with SC5314 and YB203.Whereas YB203 underwent G1-phase
arrest due to GSH depletion [10], the DNA levels during G2 in
Fig. 5. Intracellular MG and ROS concentrations and their effects in GSH-depleted MK703. (A) Intracellular MG and (B) relative ROS concentrations. GSH-depletion upon
transfer to GSH-free SD broth is described in the Materials and methods. (C) The signiﬁcant decrease in cell viability was investigated in GSH-depleted YB203 and MK703.
GSH depletion was performed as described. The values represent the averages ± standard deviation of three independent experiments.
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sistent with the G1/G2 ratio in MK403 as shown (Fig. 7B, right).
These data support our hypothesis that MG accumulates through
ADH1 disruption followed by GSH depletion, which is a primary
factor that can trigger MG-mediated cell cycle arrest through
ADH1 disruption in wild type and GSH auxotroph. Therefore, be-
cause the ADH1 expression is correlated with the increase of intra-
cellular MG concentration, ADH1 is required to regulate the
oxidation and reduction of MG in C. albicans (Supplementary
Fig. 1).
4. Discussion
This study aimed to verify the mechanism of Mgd activity by
which MG accumulates in both single- and GSH-auxotrophic dou-
ble disruptants lacking the gene that encodes ADH1 and causes
growth arrest in C. albicans. Although several types of enzymes
with Mgd activity have been investigated [12–15], the majority
were found in mammalian tissues, mainly in the liver. Further,
the overall characteristics of these proteins with regard to inducing
factors and activators have not been investigated in contrast to
MG-reducing proteins, such as aldose reductase or MG reductase.
Interestingly, MG-oxidizing activity was not observed in either
SC5314 or GSH-supplemented YB203 here in. The NAD+-linked
MG oxidizing activity could be measured in YB203 only when
GSH was depleted for 24 h, especially for cells in the GSH-freemedium transferred from 0.1 mM GSH-supplemented broth (data
not shown). These data support the notion that GSH depletion in
YB203 followed by glyoxalase system inactivation is the primary
MG inducer. It has been reported that GSH-depleted conditions
trigger cell cycle arrest in various organisms [27–30]. In Dictyoste-
lium cells, we have previously emphasized that the gcsA disrup-
tant growth rate depends on the GSH concentration
proportionately, and growth arrest by GSH depletion was restored
when the GSH was replenished, while GSH depletion resulted in
MG accumulation [10,30]. MG accumulation also inhibited cell
growth and division as well as involvement in apoptosis
[3,31,32], and the cell could detoxify by the enzymatic cascade, pri-
marily through glyoxalase I and II, which catalyze MG conversion
to D-lactate using GSH [11]. Overexpression of the glyoxalase sys-
tem in a rat diabetes model exhibited increased tolerance for MG in
the presence of GSH [33]. However, in preliminary investigations,
GSH-depleted YB204 exhibited signiﬁcantly increased intracellular
pyruvate when MG levels were proportionately elevated during
GSH starvation in C. albicans (data not shown), despite the activity
of GSH-independent Candida Glx3 [17]. We have previously ob-
served that GSH auxotrophs are overcome only by exogenous
GSH or GSSG and -glutamylcysteine, which can be converted into
GSH in C. albicans [34]. A c-glutamylcysteine synthetase (GCS1)
disruptant is a glutathione (GSH) auxotroph and underwent typical
apoptosis processes in the absence of reduced GSH in C. albicans
[34]. Candida cells should predominantly utilize GSH as a thiol
Fig. 6. Effect of ADH1 gene disruption on hyphal growth and virulence in C. albicans. (A) The indicated strains were spread or incubated on Spider and low (NH4)2SO4 SLAD
agar plates at 37 C for 4 days and Corn Meal agar at 28 C for 4 days. Each scale bar: 2.5 mm. (B) Hyphal growth was performed on liquid broth containing Spider, SLAD and
10% serum in YPD at 37 C for 18 h, respectively. Scale bar: 15 lm. (C) C. albicans virulence assay in a mouse model. Mouse survival (10 for each group) was monitored after
Candida cells were injected into the tail vein. Statistical analyses showed the survival difference (P < 0.001) through the Wilcoxon rank sum test.
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eukaryotes, such as S. cerevisiae and mice [35,36]. Based on these
ﬁndings, the enzymes that can catalyze direct oxidation of the en-
hanced intracellular MG to pyruvate were puriﬁed in GSH-de-
pleted YB203 and conﬁrmed as ADH1 with Mgd activity in C.
albicans (Fig. 1). Further, catalysis of MG oxidation was conﬁrmed
through quinoxaline derivatives (Fig. 1D). Mgd activity has not
been investigated until now, particularly in microorganisms.
Although ADH in microorganisms reportedly catalyzes MG reduc-
tion to acetol, Mgd activity in ADH has not been reported. There-
fore, this study is the ﬁrst investigation on ADH, which catalyzes
MG oxidation to pyruvate (Fig. 1). However, Mgd activity was
not compatible to the increased MgdA and MgdB protein-fold dur-
ing puriﬁcation steps, even though the protein degradation did not
occur (Table 2). In case of puriﬁed ADH1, MG-oxidizing activity
was steadily decreased approximately 2–5% in a day (data not
shown). The diminishedMgd activity was not restored or protected
by 1–10 mM 2-mercaptoethanol or high concentrations of dithio-
threitol during all puriﬁcation steps or in puriﬁed ADH1. In con-
trast to the time-dependent decreased MG-oxidizing activity,
MG-reducing activity was maintained approximately 90% until
30 days. Interestingly, another fraction, which also showed Mgd
activity during the isolation, did not maintain their Mgd activity
like ADH1 (data not shown). Although the exact cause to decrease
the Mgd activity was not uncovered, the ADH1 property responsi-
ble for the Mgd activity in C. albicans was thought to be somewhat
different from the previous investigations of other Mgd proteins
from mammalian tissues [12–14].
The Km value for MG oxidation in Candida ADH1 was more efﬁ-
cient with an approximately 4.64-fold and 1.75-fold decrease com-
pared with a-ketoaldehyde dehydrogenases from sheep and goatliver [12,14]. However, the Candida ADH1 Km value was 8-fold low-
er than the value for NADP+-linked a-ketoaldehyde dehydrogen-
ases in rat liver [13] and 2.43-fold higher than the value for
NAD+-linked a-ketoaldehyde dehydrogenases [12,14]. Therefore,
the Km values of these a-ketoaldehyde dehydrogenases for MG oxi-
dation compared with NADP+ were lower than for NAD+ [11–14].
Additionally, we found that ADH1 shows strong MG-reducing
activity (Table 3). Candida ADH1, which can catalyzes MG reduc-
tion, exhibited a similar deduced amino acid sequence as MG-
reducing, zinc-binding ADH from other microbes (Fig. 2). The
ADH1 Km value was remarkably lower than for other NADH-linked
MG-reducing ADH in E. coli, C. utilis, H. polymorpha and S. cerevisiae
[37,38], which yielded the values 3.8, 17.9, 14.0, and 105 mM,
respectively. Therefore, Candida ADH1 reduces MG to acetol
approximately hundreds-fold faster than other microorganisms
(Table 3).
To elucidate the roles of ADH1, which catalyze MG oxidation
and reduction in C. albicans, the intracellular MG concentration
was remarkably increased in MK403 or GSH-depleted MK703 com-
pared with SC5314 and YB203, respectively (Figs. 4A and 5A).
These data suggest that ADH1 disruptions eliminate MG-oxidizing
or -reducing activity in C. albicans. Furthermore, MK703 was de-
pleted of GSH through incubation for 24 h in GSH-free medium
transferred from 1 or 0.1 mM GSH-supplemented broth and exhib-
ited a signiﬁcant increase in intracellular MG levels and ROS di-
rectly proportional to the rate and extent of GSH depletion
compared with MK403, YB203 or YB703 supplemented with GSH
(Figs. 4B and 5B). Previous reports indicate that GSH depletion
strongly alters the redox balance and results in an enhanced ROS
concentration [39]. Furthermore, changes in the cell NAD+/NADH
ratio due to alcohol metabolic alteration in an ADH1 disruptant
M.-K. Kwak et al. / FEBS Letters 588 (2014) 1144–1153 1151inhibited respiratory chain activity, including enhanced O2 use and
consecutive ADH1-mediated ROS elimination [40]. Taken together,
these results fully support our hypothesis that ADH1 might modu-
late the intracellular concentration by catalyzing MG conversion to
pyruvate or acetol and is involved in cell cycle control for normal
cell proliferation and differentiation (Figs. 6 and 7).
Nevertheless, defective growth and germ tube formation of C.
albicans ADH1 disruptant have to be simultaneously postulated
on other growth and hyphae-speciﬁc auto-inducers or inhibitors
such as aromatic alcohols [41,42]. The aromatic alcohols are se-
creted when environmental conditions change as previously re-
ported. [41,42]. In C. albicans, tyrosol-treated cells signiﬁcantly
promoted the cell growth or hyphal formation in a concentration
of tyrosol-dependent manner [41]. As the quorum sensing mole-
cules, the aromatic alcohols such as tyrosol or farnesol seemed to
act as the critical auto signaling stimulator or suppressor followed
by a certain sets of gene expressions according to cell growth and
differentiation under modiﬁed culture conditions, reciprocallyFig. 7. Cell cycle analysis. The DNA levels in GSH-depleted cells were analyzed throug
supplemented MK703, were grown until the exponential phase, approximately at 18 h. Th
600 nm of 0.05 in SD broth at 28 C. GSH depletion in YB203 and MK703 was also perfo
numbers indicate the percentage of G1/G2 cells.[41]. Also, phenylethanol or tryptophol auto-stimulates the diploid
pseudohyphal growth mediated by FLO11 through Tpk2p-depen-
dent mechanism in inverse proportion to intracellular nitrogen
concentration in S. cerevisiae [42]. Although ADH1-deﬁcient cells
showed a defective hyphae in both liquid and solid media convinc-
ingly, the feedback control on morphogenesis by these auto signal-
ing alcohols in yeast might also provide the crucial evidence as the
key molecules responsible for morphological switch from budding
yeast to ﬁlamentous development.
Furthermore, the ADH1-deﬁcient cells MK403 and MK703
underwent cell cycle arrest during G2 (Fig. 7), which differs from
previous reports that indicate GSH depletion causes G1-phase ar-
rest [10,31,32]; the detailed mechanism remains unknown. How-
ever, reports show that Chk2 kinase is necessary for MG-induced
G2/M cell cycle checkpoint arrest during diabetic oxidative stress
signaling [43]. Thus, our ﬁndings suggest that ADH1-deﬁcient cells
may be a good model system for studying the relationship between
MG and cell growth.h ﬂow cytometry as described. ADH1-deﬁcient cells, wild type and 0.1 mM GSH-
e cells were used as reference experiments and as seeding cells, an optical density at
rmed as described above. The data represent three independent experiments. The
Fig. 7 (continued)
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